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eliminated as possible causes. This outcome indicates the need for a more controlled study and further understanding of the physiological mechanism of Sr absorption.
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Introduction
Sr is a ubiquitous and paradoxical element such that literature has shown it to be beneficial at low doses for the treatment of osteoporosis (Shorr and Carter 1947, Neuprez et al 2008) and toxic at high concentrations leading to enamel mottling (Curzon and Spector 1977) , skeletal abnormalities and deformities (Storey 1962 , Ozgür et al 1996 , ATSDR 2004 . In the past decade, studies involving Sr ranelate administration in osteoporotic, post-menopausal women showed promising results (Neuprez et al 2008) and thus led to the popularity of Sr containing drugs such as Protelos ® (Les Laboratoires Servier) and Sr supplements such as Sr citrate. Until then, the main focus of Sr retention in humans was based on understanding the health effects arising from Sr radioisotopes such as Sr-90 due to global fall-out (Pertinez et al 2013) .
Since Sr is a bone seeker element such as calcium (Ca), radium (Ra) and lead (Pb), it is thought that an understanding of the behavior of one of the elements would help give insight into the other. One of the important developments in modeling was that given by the International Commission on Radiological Protection (ICRP) Task Group based on literature data ranging from 15 min to 50 years, such as those from global fall-out and radiotracer studies. Their publication of the ICRP 20 model of alkaline earth metabolism in adult man has marked an important step towards improving our understanding of the distribution and retention of such elements in the human body (Johnson and Myers 1981) . Nevertheless while the model was designed to calculate Sr-89 and Sr-90 intake limits based on radiation dose to all major organs (ATSDR 2004 ), the ICRP model also marked an important step towards our understanding of alkaline earth elements in terms of distribution and retention (Johnson and Myers 1981) .
The Sr models available in the literature are mostly based on in vivo whole body counting (Reeve et al 1983 , Staub et al 2003 , intravenous injection or oral administration of a single or multiple radiotracer (Staub et al 2003 , Bärenholdt et al 2009 , urinary or fecal analysis (Bauer et al 1958) and studies involving Sr-90 measurements. Norris et al (1958) suggested that the retention of radioactive bone seekers when administered as soluble compounds may be described by power function models, of which the general mathematical form is y = x a . Others have also used this approach (Pors Nielsen et al 1975) . While power and exponential models have been used to model the data, mathematical functions similar to the ICRP 20 model have also been suggested for comparison and employed. For example, Johnson and Myers (1981) tried to substitute the (t + ε) −b rate variable with a second compartment for cortical and trabecular bone to represent diminution (Johnson and Myers 1981) . Degteva and Kozheurov (1994) devised an age dependant model based on Sr-90 whole body counting data using parameter estimates based on data from studies on population who resided by the banks of the Tech river which was contaminated with fission products in [1945] [1946] [1947] [1948] [1949] [1950] [1951] [1952] [1953] [1954] [1955] [1956] , global fall-out data relating to Sr in human bone and single intake (Degteva and Kozheurov 1994) . More recent developments in modeling have included models incorporating a greater degree of physiological and mechanistic rationale, expanding on the compartments relating to Sr absorption (Pertinez et al 2013) and looking at Sr absorption within the osteoporotic population (Staub et al 2003 , Bärenholdt et al 2009 .
The advantage of using Sr-85 as a tracer, which has a half-life of 65 d, is that it not only parallels Ca in studying certain aspects of metabolism in humans, it also has a pure gamma ray emission which permits body surface counting (Bauer et al 1958) . However, as Cohn and colleagues (1962) discuss, there are several questions and issues with using data based on whole body counting or excretion analysis. Some of the questions posed include (i) how much of the total store of the body's Sr or Ca is actually measured with the use of a radiotracer, (ii) past studies using excretion analysis (i.e. fecal analysis) are limited in time and are further limited by the problem of obtaining complete excreta collections over a long term period and (iii) since the half-life of Sr-85 is only 65 d, studies are confined to a maximum of two years duration and hence projections of long term retention values are extrapolated from existing short term data (Cohn et al 1962) .
Furthermore, in in vivo radiotracer studies, there is often the assumption that the subjects are in a constant steady state with respect to the element being investigated which may not be correct, especially as these models have been widely used to obtain quantitative estimates of absorption and urinary excretion (Staub et al 2003 , Bauer et al 1958 . Bauer and colleagues (1958) state that the assumptions are incorrect because it should be considered that (i) the rate of ingestion of Sr, I or Fe usually varies with the time of day and (ii) the subjects may be in the process of developing a new steady state such as anemia or osteoporosis. The use of normal subjects to develop a model would not be applicable to individuals suffering from bone diseases, metabolic disorders such as hypothyroidism, hyperparathyroidism and Paget's disease, those suffering from vitamin D deficiency, and those presenting with fractures (Bauer et al 1958) .
In addition, while it has been suggested that understanding the model of Ca may help understand Sr metabolism due to their similar biochemical properties (Dolphin and Eve 1963) , translating the Ca model into a Sr model or the other way around presents some important differences to consider such as differences in elimination mechanisms and in intracellular/ extracellular concentrations (Bauer et al 1958) . Hence, the complexities of modeling Sr are evident in the literature studies, especially as experiments have lasted over a longer period of time, and it has been necessary to add more compartments with longer half-lives (Marcus 1979) . Adding to the challenges of developing a model for Sr distribution and metabolism is the question of the physiological role of Sr, the absence of evidence for Sr homeostasis and the high dosages (as much as 1000 times the normal dietary intake) of oral Sr administration in some studies (Staub et al 2003) .
Thus, one of the objectives of the Ryerson and McMaster University Sr in Bone research study, was to collect long term bone Sr measurements in osteoporotic and/or osteopenic individuals self-supplementing with Sr, in order to model Sr. Compared to previous literature models of Sr, this work differs from other modeling attempts in the sense that it models Sr based on daily, oral consumption of Sr citrate and uses data based on IVXRF measurements. Thus, the two main objectives of this work were: (i) to determine whether a model could be established based solely on IVXRF data and (ii) to determine Sr kinetics such as the biological half-life of Sr in bone. The measurements were collected using an in-house custom made bone Sr in vivo x-ray fluorescence spectrometry system (IVXRF) system over the study's four years. Data from eight individuals were used for the modeling purposes.
Materials and methods
Based on the long-term data acquired as part of the Ryerson and McMaster University Sr in Bone Research Study (approved by the research ethics board at both universities) that involved measurements of ten osteoporotic and/or osteopenic individuals self-administering with strontium citrate (Moise et al 2014) , the data from eight subjects (all females) were used for modeling purposes. The remaining two subjects' data were not used because their participation in the study was less than a year. The eight subjects' profiles are shown in table 1. These subjects are defined as 'baseline subjects' in this study to indicate that these subjects had no previous history of Sr supplementation or intake of Sr based medications, and therefore, a baseline measurement of their natural bone Sr levels could be obtained (day 0) prior to starting Sr supplementation.
An in-house custom bone Sr IVXRF was used to perform the bone measurements at finger and ankle bone sites, representing primarily cortical and trabecular bone, respectively. During each visit, which took place on a weekly, biweekly or monthly period, over 1 to 4 years (table 1), subjects were measured for 30 min with the IVXRF system at each site and had their overlying soft-tissue thickness measured in order to correct for photon attenuation. The corresp onding Sr signal observed at 14.1 keV, which is proportional to the bone Sr levels was used for the data analysis. Normalization of the Sr signal to the coherent I-125 peak at 35.5 keV was also performed to correct for experimental conditions. Further details of the IVXRF system including measurement technique and subsequent analysis of the individuals recruited as part of the Ryerson and McMaster University Sr in Bone Research Study were previously published by our group and are available in the literature (Zamburlini et al 2007 , Moise et al 2012 , Moise et al 2014 .
Modeling of the variation of the bone Sr IVXRF data with time was performed with Origin Pro 9.1. Parameter values were selected based on trial and error using both fixed and variable settings. Initial guesses were made based on the individual's data and data available in the literature with respect to half-life and uptake. Repeated fittings were performed for different parameter values until satisfactory fits were obtained for all data. 
Results
Both power and exponential functions were chosen to initiate the modeling. An exponential, first rate order kinetic function model incorporating parameters relating to the mean normalized baseline Sr signal, half-life of Sr in bone and a parameter related to the Sr bone uptake was chosen to represent the results. Both one compartmental and two compartmental models were used as shown in figures 1 and 3 and the corresponding equations are given below.
One compartmental model
The corresponding equation may be represented as equation (1), where the model includes three parameters listed as: A o , A 1 , and A 2 .
where the terms are defined as: y = normalized Sr signal (unitless) A o = parameter relating to the mean baseline signal observed in the subjects enrolled in this study. The values (±SD) are taken to be 0.42 ± 0.13 and 0.39 ± 0.07, for the finger and ankle bone measurements, respectively.
A 1 = parameter relating to bone uptake (unitless)
A 2 = parameter equal to the half-life of Sr (days) t = time of Sr supplementation (days) The corresponding results of the one compartment model are summarized in table 2. A sample fit is shown for subject #6 in figure 2. Although the model was associated significantly with the variation in bone Sr in all cases, the goodness of fit varied quite widely. For finger bone Sr data the reduced χ 2 ranged from 1.0 to >8 (illustrated in figure 2(a) ) and the adjusted R 2 ranged from ~0.05 to ~0.56. For ankle data the reduced χ 2 ranged from <1.0 to ~14 and the adjusted R 2 ~0.88 to ~0.60. For subject #7, it was not possible to achieve a satisfactory fit allowing both uptake and half-life to vary. One compartmental model in which Sr retention is represented by a single compartment, rather than splitting the bone compartment into two tissue types. Note that of the total amount of strontium ingested, it is estimated that between 11 to 28% will be absorbed from the GI tract and the remainder will be excreted (ATSDR 2004 
Two compartmental model
The modeling equation may be expressed as: where y is the normalized Sr signal and t is the time of Sr supplementation in days. The parameters A o , A 1 , and A 2 are the same parameters as defined previously in 3.1 Similarly:
A 3 = parameter relating to bone uptake in second bone compartment (unitless) figure 1 , from the total amount of strontium ingested, it is estimated that between 11 to 28% will be absorbed from the GI tract and the remainder will be excreted (ATSDR 2004). It was found that this model did not converge if all four parameters (2 uptake, 2 half-life) were free to vary. So, in order for the model to converge to the data, the parameters relating to bone uptake (A 1 and A 3 ) were fixed based on trial and error. The bone uptake parameters were estimated based on the results obtained from the one compartment model. The results are summarized in table 3.
Oral ingestion of Sr supplementation
A sample fit is shown for subject #2 in figure 4 . The ankle data for subject #6 showed a particularly high χ 2 (nearly 40). But otherwise the goodness of fit measures showed a similar range of values to those observed for the single compartment model (table 2).
Discussion
Applying the one compartment model as shown in equation (1), to the eight baseline subjects gave an average half-life value ± SD of 508 ± 331 d and 232 ± 183 d for the finger and ankle bone, respectively. Interestingly, the half-life values in this work which was based on measurements performed with the IVXRF technique are within suggested half-life values for osteoporotic individuals presented in the literature. However, it should be noted that this work is based on a continuous, daily oral intake of Sr, rather than a single Sr dose as is the case for most retention studies involving intravenous administration. For example, in their study of ten individuals, six of whom were suffering from moderate osteoporosis, based on an exponential model in the form of R = Ae −λt , applied to data obtained from excretion studies and whole body counting over a period of a year, Cohn and colleagues (1962) obtained half-life values between 210 to 982 d (Cohn et al 1962) . The results which are based on a single dose of Sr-85 intake showed that for the six osteoporotic individuals, the mean half-life was 843 d (Cohn et al 1962) . Similarly, a mean half-life of 500 d was observed by Cowan and colleagues (1952) in the case of a Sr-90 inhalation incident (Cowan et al 1952) and as long as 1118 ± 450 d for cortical bone by Newton and colleagues (1977) based on intravenous administration (Newton et al 1977) . Although the half-lives obtained from the one compartmental model agree with some literature values, the one compartmental model shows no statistically significant difference between the finger and ankle bone half-lives (p = 0.08796). However, analysis of the second parameter, related to Sr bone uptake, finger and ankle values show a correlation of 0.804, which is significant at the 95% level.
Taking into account half-life and uptake parameter values, at first impression, the one compartmental model seems to be a possible fit, but when a comparison is made between the unweighted fits and weighted fits (weighted to the measurement uncertainty); there is disagreement between the parameter values, such that values may vary by a factor of more than 2.
An example of a significant change in fit parameters for the finger is shown in table 4 for subject #2 in which the finger half-life values between the two fits vary by a factor 2.
As a result of this discrepancy, and considering that an exponential model would best describe the data, an additional compartment was added. While the results did not improve with the two compartmental model, this model showed that there are two different half-lives for the two compartments (table 3) . The half-lives for both compartments for the finger data and ankle data show statistically significant differences ( p = 0.0147 and p = 0.000711, for the finger and ankle, respectively). For the eight baseline subjects, application of the model to the finger data gave mean half-lives of (300 ± 163) d and (2201 ± 1662) d for the short and long compartments, respectively. Likewise, the application of the model to the ankle data gave mean half-lives of (156 ± 117) d and (1681 ± 744) d for the short and long compartments, respectively. This suggests that one compartment has a much quicker turnover compared to the other, which reflects the behavior of trabecular bone compared to cortical bone. This observation agrees with that stated in the literature in which elimination of Sr from the skeleton has two half-life components, that is, an initial half-life of 41 d followed by a slower half-life of three years (Marie et al 2001) .
In the case of the second compartmental model, when all four parameters were left variable, the data either failed to converge or gave unrealistic parameter values. For example, when the data did converge, the half-life parameter was >10 18 years. This is in comparison to the longest biological half-life in the literature for Sr retention in the whole body which is 1.3x 10 4 years in the ICRP publication 2 handbook (Cohn et al 1962) . A similar issue of choosing the best model to describe Sr kinetics was brought up by Cohn and colleagues (1962) towards their in vivo Sr-85 data of ten subjects.
Although both the power and exponential functions represented their experimental data satisfactorily during the first year, a wide divergence between the power and exponential functions were observed when long term projections were made. When the power function was used to extrapolate strontium retention at 40 years, the predicted retention value was one thousand times greater than the value derived based on the exponential function (Cohn et al 1962) . In terms of the half-life, as stated by Cohn and colleagues (1962) , when their data were fitted with a power function and projected to 40 years, the half-life of the equivalent exponential term fitted to the period of 20 to 40 years gave a half-life of 110 years. Thus, since no specific mathematical model was satisfactory for long term projection, they concluded that more long term data were needed to help choose between the power and exponential function models (Cohn et al 1962) . In addition to the one and two compartmental models presented earlier, linear and alternate power and exponential models applied to the IVXRF data set, also proved inconclusive. A few of these models are shown in table 5.
Furthermore, even though a similar pattern of uptake is observed for the baseline subjects, attempting to model the data to resemble the pattern is not satisfactory, as shown in a case example in figure 5 .
The lack of a suitable model arises because of the scatter of data points as shown in figure 5 . Due to the spread of the data, modeling the data to fit a specific function is very challenging and points to the possibility of a lack of a suitable model for the IVXRF data.
Interestingly, long-term, non-invasive bone Sr measurements in 32 osteoporotic women based on the method of DPA has been reported in the literature by Bärenholdt and colleagues (2009) , who reported that their data were compatible with a power function model as per Marshall's law. However, one of the issues with their DPA method, as the authors report, is that it cannot monitor % changes in the individual patient. Thus, the use of data consisting of the mean % Sr over time rather than individual values raises the question of the variability of Sr uptake between individuals. This is of question, since the authors also state that the uptake of Sr is likely to be a result of intestinal absorption, bone turnover and excretion (Bärenholdt et al 2009) .
The observance of the wide variation of the Sr signal between individuals and scatter of data points beyond two years did raise the question of systemic or technical factors as possible sources of inter-subject variability. However, note that the mean normalized baseline Sr signal (±SD) for ten subjects measured with this IVXRF system was (0.42 ± 0.13) and (0.39 ± 0.07), for the finger and ankle, respectively which is on par with the baseline Sr values previously reported Table 5 . Examples of a few models attempted. Note that parameter 'a', which is unitless, is taken to be the mean Sr baseline signal for all baseline subjects; 0.42 ± 0.13 and 0.39 ± 0.07, for the finger and ankle bone measurements, respectively. The normalized Sr signal is defined as 'y'. and measured in a 2006 pilot study. In this pilot study, the mean normalized baseline Sr signal for Caucasian individuals among twenty-two healthy subjects was reported to be (0.43 ± 0.08) and (0.40 ± 0.13) for the finger and ankle, respectively (Zamburlini et al 2007 , Zamburlini 2008 . Thus, this eliminates positioning of human subjects as a contributor. Furthermore, analysis of the Sr data includes a normalization procedure, which also corrects partly for positioning . Systemic checks using a standard calibration phantom also indicated excellent reproducibility over forty seven months: 1.1198 ± 0.02171 (mean normalized Sr signal ± SD, N = 364). Thus, based on these observations, such systemic and technical factors are ruled out as possible contributors and it is more likely to be a question of physiological factors. While a discussion of the factors of Sr absorption and also factors affecting the observation of a wide variation of the Sr signal between the subjects in this study was presented in previous work by our group (Moise et al 2014) , it is hypothesized that physiological factors such as health (thyroid disease, diabetes, rheumatoid arthritis), dietary consumption, and genetic processes related to Sr uptake from the gastrointestinal tract are possible sources leading to the variability observed between subjects. As stated by Apostoaei (2002) , in order to understand the large variation between individuals, the underlying physiological processes responsible for the uptake of strontium from the gastrointestinal tract should be investigated, and it is this physiological process that is most likely responsible for the large variability (Apostoaei 2002) . Interestingly, Shagina and colleagues (2015) noted interindividual biological variability as the main source of uncertainty associated with their age and gender specific model for Sr in humans. They reported that this variability was largely due to individual differences in anatomical and physiological factors controlling the distribution and excretion of Ca and Sr in the skeleton (Shagina et al 2015) . Thus, since the fit of the model and parameters deduced in this work are in turn dependant on the Sr signal observed, it is expected that such factors are sources of the inter-subject variability observed and that the half-life of strontium in bone will be affected by individual physiological processes.
Model
In addition to the inter-subject variability in fit parameters observed, the results from table 4 also point to intra-subject variability. While it is unclear why intra-subject variability of the fit parameters exists, physiologically it is expected that the measurement at one cortical bone site would be representative of the cortical bone sites throughout the remainder of the skeleton, which is also true in the case of trabecular bone. Therefore, based on this expectation for example, it is expected that the cortical compartments for either the finger or ankle should share similar half-life values. However, if the fitting uncertainty associated with the A 2 and A 4 parameters are considered, then there is agreement between the half-lives for subjects 1, 2, 5 and 6. Nevertheless, it should also be considered that while the two compartmental model assumes Figure 5 . Unsatisfactory model fit due to scatter of data for subject #6 finger. Note the scatter of the second half of the graph contributes to the lack of a suitable model. two different bone compartments, the comparison of the finger and ankle bone sites directly with each other may not be ideal as it has been suggested that the pattern of bone loss also differs between sites of the same bone (Carnevale et al 2000) . Therefore, the intra-subject variability of the half-life within the same bone compartment for the finger and ankle bone sites could be a reflection of the measurements being taken at the ankle and finger bone sites and may be physiologically representative of the different rates of remodeling activity between the two sites.
Conclusion
In conclusion, while the results obtained in this work showed that the resulting exponential models were inconclusive for the current IVXRF measurements, it illustrates the contrib ution of intra and inter-subject variability on fit parameters and the difficulties of developing a model for osteoporotic individuals, who already have an abnormal bone metabolism. The intra and inter-subject variability of the fitting parameters suggest that physiological and biological mechanisms are important contributors towards Sr uptake, absorption and retention. The modeling results in this work also suggest the need to incorporate a model involving additional compartments in order to improve the fit. It should also be considered that in addition to the type of bone tissue, the half-life observed will also be affected by factors such as dietary consumption, such that the half-life is enhanced by vitamin D 3 intake (Cohen-Solal 2002) . Thus, future work should consider a new more controlled study in order to rule out known factors that may influence the inter-subject variability of the Sr signal. For example, controlled study parameters may include ensuring subjects all take the same dosage of Sr, vitamin D and Ca intake, do not have additional metabolic conditions such as thyroidism or elevated bone turnover markers and share similar dietary consumption (i.e. vegetarians versus non-vegetarians). However, it should be considered that in addition to these factors, physiological make-up relating to gastrointestinal absorption also depends on genetic make-up of the individual, which poses additional challenges in understanding Sr kin etics, and in turn, developing a model of Sr kinetics. While this work attempted to model Sr kin etics within the osteoporotic population, it should also be considered that model parameter values may change depending on bone health (normal bone versus pathologic bone). Nevertheless, the significant advantage of using the IVXRF system to model Sr is the ability to obtain long-term data within the same individual based on daily oral intake. This provides individual data for modeling purposes rather than depending on a collective set of data based on global Sr-90 fall-out or short-term radiotracer monitoring, which may not follow the same route of gastrointestinal absorption.
